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Abstract 
Delamination is the most dominant damage phenomenon during drilling of thermoset carbon fibre reinforced plastics (CFRP). In this paper, 
novel approaches in non-destructive delamination testing of drilled CFRP are presented. Furthermore, it contributes for a better understanding 
on the effect of delamination on static strength. CFRP laminates based on prepreg T800S/M21 manufactured by Hexcel were drilled using step  
drills. In wear series the effect of tool geometry on delamination was studied. The size of delamination was measured by means of optical 
inspection techniques, ultrasonic testing and computed tomography. After delamination analysis, several samples with a wide range of typical 
delamination were tested in open hole bending experiments. The point angle of the step drill was found to affect the delamination damage on 
the entry and exit side of the laminate. The quantitative results of the three non-destructive methods applied were in good accordance, but some 
systematic deviations are still present. In the mechanical tests, a clear decrease in flexural strength was found with increasing delamination 
factor, but the correlation with the delamination factor Fd was quite weak. 
© 2016 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Nowadays, carbon fibre reinforced plastics (CFRP) are widely used for structural applications in aeronautics due to their high
strength and stiffness compared to their low density. Moreover, they became more and more attractive for automotive 
applications within the last few years. Although most parts made of CFRP are fabricated in near-net shape, often machining of 
these parts is still necessary. Besides trimming, drilling is the most common machining process since it is usually done to provide 
holes for fasteners like rivets or screws. For instances, in aircraft industry there are structures exhibiting thousands of holes in 
CFRP [1,2]. 
However, machining of CFRP is a quite challenging and expensive process due to the abrasiveness of the carbon fibres as 
well as the anisotropy and the brittleness of this material. Drilling of CFRP is always accompanied with induced defects such as 
fibre pull-out or breakage, matrix cracking or thermal degradation and delamination [3]. Among the possible defects, 
delamination is the most dominant phenomenon. It causes poor assembly tolerance, reduction in structural integrity and has the
potential to affect the long term performance of composite parts [4]. For instance, in the aircraft industry drilling associated 
delamination is responsible for 60 % of all rejections during final assembly of an aircraft [3].  
 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
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In this work, three non-destructive approaches to detect delamination size are presented and discussed comparatively. 
Furthermore the effect of tool geometry and increasing wear on formation of delamination is investigated. Since an insufficient 
knowledge about the effect of delamination on strength and fatigue of CFRP parts often leads to oversizing, high safety factors 
and even rejection of supposedly defective parts, this paper shall also contribute to a better understanding of the effect of 
machining caused delamination on the static strength of CFRP.  
2. State of the art 
2.1. Drilling-induced delamination 
Delamination is defined as a separation of composite plies by the formation of interlaminar cracks. It is the most dominant 
machining defect in drilling of thermoset CFRP as it is often considered as a limiting factor for machining tolerances and 
reliability of drilled CFRP parts. Delamination occurs at both the tool entry side as well as the tool exit side of the drilled hole. At 
the entry side delamination happens due to peeling up the fibres as a result of a peeling force in upright direction which causes
debonding of either single fibres or the whole upper ply. However, in general the more serious damage happens on the exit side.
There, the drill pushes the last remaining plies downwards when the drilling process is getting to its end. Under this applied 
deformation the thrust force may exceed the interlaminar bond strength of the laminate leading to a separation of plies. Hence, 
this kind of delamination is called push-down delamination. The critical thrust force FA leading to the onset of delamination is
given by a simplified fracture mechanical model first presented by Ho-Cheng and Dharan [5]: 
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In equation 1 h is the uncut thickness beneath the drill, E is the Young’s modulus in fibre direction, GIC is the critical crack 
propagation energy per area and ν is the Poisson’s ratio of the material. More details about the formation of delamination are 
given elsewhere [3,5–11].  
2.2. Detection and quantification of delamination 
Due to the negative impact of delamination on the structural health of the laminates, non-destructive characterisation of 
drilling induced delamination is of great interest. Several methods such as visual inspection by low-magnification microscopy 
(partially combined with digital image processing), acoustic emission, X-Ray radiography and computed tomography (CT) as 
well as ultrasonic testing (US) are in use for detection of size, shape and location of delamination damage. Within these, optical 
inspection techniques are most common in industrial practise for quality assurance. Quantitative determination of delamination
damage is typically done by means of two-dimensional delamination factors. In a recent review, Babu et al. [10] gave an 
overview on assessment methods and delamination factors available.  
Tsao and Hocheng [12] determined the maximum radial damage extension of drill holes in woven CFRP by means of X-Ray 
computed tomography and US C-scans. The obtained results indicated that both methods perform similarly. A transducer with a 
centre frequency of 5 MHz and a high scanning resolution of 0.025 mm was used in transmission mode. In a later work of Tsao 
et al. the same US test setup was used to examine diameter weighted as well as area based delamination factors in woven 
carbon/epoxy laminates [8]. 
In a paper of Lopez-Arraiza et al. [13] a comparison of diameter based delamination factors [14] derived from X-Ray CT and 
US C-scans is given for a bidirectional thermoplastic CFRP. Ultrasonic testing was found to be an accurate non-destructive 
inspection technique to detect delamination in drilling, providing quite consistent results as referenced by CT. A general trend to 
little higher US values is reported. Their US testing device consisted of a two axes encoder scanner (0.1 mm) with a 5 MHz 
linear phased array. A threshold of 50 % of the back reflection intensity was defined as criteria for delamination detection. 
2.3. Effect of delamination on mechanical properties 
A lot of research work was done during the last decades on the effect of machining on mechanical properties of fibre 
reinforced polymers that briefly will be summed up in this chapter. Most of the work directly correlates machining parameters 
[11,15–20] and different tool geometries [11,15,16,18,19,21] to the residual static strength [11,15–19,21] and fatigue properties 
[20,21]. To do so, often statistical approaches like Taguchi’s method were used to examine a correlation between machining and 
mechanical properties [15–17,19]. Several authors tried to connect data of measured damage extension to the properties found 
[6,11,18,20,22]. In most of these studies, machining damage is described by various delamination factors [6,11,18,20,22].
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However, most of the work contains phenomenological descriptions, but the mechanisms of strength degradation are not fully 
understood yet. 
Most literature is available on the effect of machining on pin bearing behaviour. All authors agree that the residual static 
strength [6,11,16,20–22] as well as the fatigue strength [20,21] can significantly be reduced because of insufficient hole quality 
after machining. A quantitative correlation of delamination factors and bearing strength was tried by several authors [6,11,20],
but the correlation is quite weak. As postulated by Capello and Tagliaferri [20], other kinds of machining damage like 
microcracks seem to have a stronger impact on the static and dynamic bearing behaviour. 
For compression loading, strength degradation due to machining damage is also reported [18,21]. A reasonable correlation 
with quite linear trends between the adjusted delamination factor [23] and residual compressive strength is reported by Karimi et. 
al. [18], but no explanation of this mechanical behaviour is discussed. 
In case of tensile strength, contrary results are given in literature. Tagliaferri et al. [22] investigated the effect of machining 
parameters on damage zone extension and mechanical properties of GFRP. The tensile strength remained constant with 
increasing damage whereas a clear decrease in bearing strength is reported. In contrast, the results on woven GFRP published by 
Rao et al. [16] and Parameshwanpillai et al. [17] indicate a decrease in tensile strength with increasing delamination factor. 
Furthermore, they applied a modified point stress criterion considering the delamination extension, delivering good prediction of 
the notched tensile strength. Durão et al. [11] found an offset in the delamination factor before a recognisable decrease is tensile 
strength of cross-ply carbon/epoxy laminates occurs. In three point bending tests performed by Durão et al. an impact of 
delamination size and flexural strength was not found. For future research work they assumed four-point bending to be more 
sensitive.
3. Experimental procedure 
3.1. Workpiece material 
Quasiisotropic, symmetric CFRP laminates with a stacking sequence of [0,45,90,-45]3s were layed up with the carbon/epoxy 
prepreg HexPly® UD/M21/35%/194/T800S (short: T800S/M21) produced by Hexcel. The outer layers were covered with a peel 
ply which was removed prior to machining. The laminates were cured in an autoclave according to the manufacturer’s
recommended conditions. The thickness of the cured sheets was about 4.6 mm.
3.2. Machining process 
Drilling was done with modified step drills (Ø 5.9 mm) as described in a German patent [24] from Klenk GmbH (Germany). 
Tools with point angles of 70° and 100° were used in this study. A CNC machine DMC 64 V from DMG (Germany) was utilised 
and no cooling agent was added. The machining parameters are given in Table 1. In wear series the two tools were driven up to 
305 holes, respectively to a total feed length of 1.4 m. At five investigation points over the wear path of the drills the holes were 
set in central position into open hole bending (OHB) test specimens in preparation for mechanical testing. The nominal specimen 
dimensions were length l=200 mm and width w=15 mm. The plane sheets and specimens were solidly clamped in order to avoid 
any influence of vibrations. Thrust forces were determined with a load cell stage of type Kistler 9257B and the cutting edge 
rounding of the tools was determined using an optical fringe projection device called GFM MicroCAD from GF Messtechnik 
(Germany). 
Table 1: Machining parameters of drilling experiments. 
spindle speed N
[rpm]
feed rate f
[mm/rev]
cutting speed vc
[m/min]
feed speed vf
[mm/min]
5305 0.06 100 318
3.3. Optical quantification of delamination 
Images of the entry and exit side of the drilled holes were captured with a light optical microscope Carl Zeiss AxioZoom V.16 
equipped with a high resolution digital camera of type AxioCam 506 color in dark field illumination. Grey value images (8 bit) 
were taken and the maximum diameter of the damaged zone Dmax and the hole diameter D as defined in Figure 1 were measured 
using Carl Zeiss AxioVision-software (rel. 4.9). The delamination factor Fd reported by Chen et al. [14] is given by 
r
r
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Figure 1: Definitions for delamination factor Fd
Note, that this simple diameter weighted factor was chosen in order to allow a comparison with X-Ray CT and US C-scans. In 
the US test configuration described below, the achievable resolution perpendicular to the scanning direction is not sufficient for 
an area based quantification of the delamination. 
3.4. Ultrasonic testing 
The ultrasonic measurements were performed using the portable ultrasonic flaw detector OmniScan MX2 with a linear array 
probe having 64 elements and a centre frequency of 5 MHz. The distance between the centres of two adjacent elements of the 
array is 0.6 mm. In order to decrease its divergence angle, the ultrasonic beam was electronically focused. For the electronic 
scanning inside the linear array an active group of 16 elements was used to generate a single beam. The focus distance was set to 
a value of 3 mm.  
The ultrasonic measurements were performed at normal incidence in pulse-echo mode. The OHB specimens with the drilled 
holes were manually scanned using a gel couplant and a manual wheel encoder in a single axis like shown in Figure 2. The 
intensity of the back reflection of the ultrasonic beam was thereby evaluated and its profile in the so called ultrasonic (US) C-
scan recorded. A clear difference in the intensity of the ultrasonic back reflection was observed between different drilled holes. 
The resolution in scan axis was 0.1 mm and in the phased array axis was kept at 0.6 mm. Computed tomography was used as a 
reference method for choosing the experimental setup of the ultrasonic testing. The spread direction of the delamination in the 
anisotropic composite was chosen to be the scan axis having the highest resolution (0.1 mm) of the ultrasonic inspection. The 
extension of the delamination is thus detected with the highest resolution. By adapting the testing procedure to the special type of 
the damage, a mobile ultrasonic testing procedure results, allowing the manual measurement of the largest extension of the 
delamination quickly (5-7 s) and in high resolution. 
Figure 2: Schematic of the experimental setup for the ultrasonic inspection on OHB specimens
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In order to quantify the US C-scans, a threshold of 50 % of the maximum ultrasonic back reflection intensity was used to 
identify the boundary of the damaged area. The 50 % threshold was manually marked using dark dots in Figure 3a. The 
corresponding delamination factor was determined analogue to the optical one (see section 3.3) using equation 2. An automatic 
segmentation of the US C-scans by using of image processing is presently under progress. The delamination factors are 
subsequently computed based on binary images like shown in Figure 3b.  
Figure 3: Segmentation of a US C-scan: a) 50 % threshold manually marked and b) binary US C-scan
3.5. Computed tomography 
Several holes in open hole bending specimens with a wide range of typical delaminations were investigated by means of 
computed tomography (CT) in order to generate 3D information about the damage. Therefore, a computer tomograph of type 
phoenix X-Ray v-tome-X with a nanofocus tube was used. Up to 1100 radiographs were taken while the specimen was turned 
over 360° around its longitudinal axis. Afterwards, the 3D volume (voxel size 9 μm) was reconstructed using the software Datos-
x reconstruction 1.5 (GE Sensing & Inspection). Then 2D section cuts were extracted from the 3D volume in the software 
VGStudio Max 2.0 (Volume Graphics).  
So called overlay images were generated from image stacks of flat section cuts over thickness trough the damaged volume on 
the exit side. For comparability purpose, in this way a delamination factor which has the same two dimensional definition as the 
ones measured optically and by ultrasonic testing, but containing the full 3D information over depth about the delamination 
extension, could be determined. Therefore the section cut images were extracted from the 3D volume in VGStudio Max 2.0 with 
spacing in between the planes in the range of voxel size. Since only the first two plies (ply thickness 0.2 mm) beneath the exit 
surface were affected by delamination damage, plane images until a maximum depth of 0.4 mm were exported. Then the slices of 
the stack were unified in the image processing software GIMP 2.6 by using the shading function. Hence, again a two-
dimensional image was generated and the delamination factor Fd,CT was determined analogue to the optical and ultrasonic one in 
software Carl Zeiss AxioVision 4.9 by using equation 2. This procedure is schematically displayed in Figure 4 for a drill hole 
exhibiting delamination damage within the upper two plies. 
3.6. Mechanical testing 
The OHB experiments were carried out in a universal testing machine of type Schenck RSA100. The setup of these four-point 
bending tests was in accordance to ISO 14125 as illustrated in Figure 5. The bearing distance was L=162 mm and the rollers had 
a diameter of dr=10 mm. Note, that the fibres in the top-layer of the specimens were oriented along the specimen length in order 
to have a highly loaded ply on the outer side. Furthermore, the specimens were placed in the bearing system with the drill exit 
side on the upper, i.e. compression, side. This was done to expose the generally larger exit delamination to compressive load, 
which typically causes the failure of CFRP laminates in flexural tests. The drilled specimens were loaded by a constant crosshead 
speed of 20 mm/min until failure. The open hole bending strength was calculated from failure load Ff,max and the sample and 
bearing geometry by equation 3. 
2
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Figure 4: CT section cuts over thickness through the damaged volume on drill exit side in CFRP T800S/M21 [0,45,90,-45]3s.
Point angle 70°, feed length 1.4 m. a) 1st ply depth 0.12 mm, b) 2nd ply depth 0.28 mm, c) additive overlaying of image stack by 
shading (schematic), d) resulting overlay image and determination of Fd,CT (1,65)
Figure 5: Experimental setup of four-point open hole bending test
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4. Results and Discussion 
4.1. Effect of point angle on delamination behaviour 
In order to figure out the effect of the tool’s point angle and progressive wear on formation of delamination, drill series with 
up to 305 holes (equivalent to a feed length of 1.4 m) were conducted using tools with point angles of 70° and 100°. At five 
investigation points per series five OHB specimens were drilled and the delamination factor Fd was determined on both entry and 
exit side. In Figure 6 the progression of the delamination factor Fd determined by means of light optical microscopy (LM) is 
plotted for both drill series. During drilling the tools undergo increasing wear by a growth of cutting edge rounding. All the
curves start from the same level and show quite linear trends for both entry and exit side delamination. As can be obviously seen 
from Figure 6, a higher point angle leads to larger push-down delamination with increasing tool wear. After a short wear path of 
0.1 m the average value for Fd (exit) was found to be quite similar with 1.12 ± 0.04 for the 70° tool and 1.10 ± 0.07 for 100°, 
respectively. However, with increasing number of holes drilled the differences in delamination behaviour become more obvious. 
After 1.4 m the average delamination factor of the more pointed tool is much smaller (1.78 ± 0.12) than the blunt one 
(2.64 ± 0.20). 
Figure 6: Progression of entry and exit side delamination factor Fd over feed length in CFRP T800S/M21. Holes drilled with tools of a) 70° and 
b) 100° point angle.
According to the model of Ho-Cheng and Dharan [5] described above, the axial forces are responsible for the onset of push-
down delamination. Emanating from this model it appears reasonable, that after onset of delamination further extension occurs 
with increasing thrust force. In case of a higher point angle these forces are generally higher and furthermore due to the point 
geometry they act on a smaller volume when the same distance between tool tip and exit plane is considered. With progressive 
tool wear the increase in thrust force is stronger for the blunt tool. This was confirmed by measuring the machining forces over 
tool life during the drill series. As can be seen in Figure 7, at the beginning of the drill series quite similar thrust forces of about 
30 N were measured for both tools in the unworn state, whereas after the total feed length of 1.4 m the force exceeded to a level 
of 170 N for the 70° tool and about 220 N for a point angle of 100°. Thus, this correlates well with the determined delamination 
factors. Note, that although the initial forces are quite low, no holes completely free of damage could be generated in this test 
setup.  
As exemplary shown in Figure 4, the maximum extension of the exit side delamination is always given in the longitudinal 
fibre direction of the top layer, since this is the only direction where significant interlaminar forces can be transmitted. In 
contrast, in transversal direction almost no damage is visible. This non-symmetric shape is typical for the used CFRP laminate 
consisting of unidirectional plies. The delaminated area is also very irregular because there are single fibre bundles which are 
lifted over a longer extension than others in direct neighbourhood. It was determined in CT investigations that delamination 
behaviour of CFRP T800S/M21 is more an intralaminar failure within the plies than a real (interlaminar) delamination. Damage 
in the second ply (45°) as shown in Figure 4 b was only found at holes exhibiting high delamination factors Fd>1.5. Deeper plies 
were not affected. 
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In case of the entry side delamination the behaviour is exactly the opposite, as the lower point angle even leads to larger 
delamination. Here, again both tools start with the same delamination factor of 1.05 ± 0.02 after 0.1 m but the slope of the curve 
is steeper for the 70° tool. After 1.4 m this tool caused a delamination factor of 1.27 ± 0.08, while the delamination size of the 
100° tool was significant lower (1.14 ± 0.05). It is assumed, that there are two reasons for this behaviour. First, the thrust forces, 
which act in the opposite direction than the peel-up forces, are lower for the smaller point angle. That means, the resulting 
delaminating peel-up forces are higher in case of the 70° tool. Second, when the point angle is smaller, the distance between 
point and flute is larger and also the time period until the full diameter is engaged is longer. Hence, when a fibre once is brought 
into the flute the lever arm of the peel-up force is larger leading to higher delaminating moments. 
Note, that over the investigated period the cutting edge rounding of the tool’s main edge increased in the same way for both 
tools as shown in Figure 8. Since there were little differences of the initial rounding, the first investigation point was set after 
0.1 m where both tools then had the same radius of about 12 μm. Finally, after 1.4 m the rounding was in the range of 50 μm for 
both drill bits. Hence, the results given above are not influenced by different wear behaviour but only the differences in tool 
geometry. 
Figure 7: Progression of thrust force versus feed length for both tools 
while drilling CFRP T800S/M21
Figure 8: Progression of (main) cutting edge rounding versus feed 
length for both tools while drilling CFRP T800S/M21
In summary, a smaller point angle helps to avoid delamination on the exit side but promotes entry side delamination. This is 
also in good accordance with results reported by Heisel et al. [25]. In their comparison of four drilling tools exhibiting various 
geometries, an increase in point angle lead to elevated thrust forces and larger exit side delamination, but improved drill hole 
quality on the entry side. In practise tools with point angles in the range of 85° to 90° provide a good compromise. However,
taking into account that push-down delamination is typically more pronounced than peel-up delamination and the effect of tool 
wear on exit delamination behaviour is more critical on blunt tools, one might suggest even lower point angles. 
4.2. Comparison of non-destructive methods in delamination analysis 
In addition to the light optical (LM) damage analysis done on the OHB specimens of the two drill series presented in chapter 
4.1, several samples were investigated by means of ultrasonic testing (US) and computed tomography (CT). The results of this 
comparative study are qualitatively and quantitatively shown and discussed in this section. 
In Figure 9 LM, US (C-Scan) and CT images of two bore holes drilled with both a quite new 70° drill bits and a worn off 100° 
tool are displayed. Thus, a representative comparison of the two extremes - an almost damage free holes and a highly 
delaminated one - is given here for the three investigation methods applied. The two concentric circles within the images mark 
the hole diameter (about 5.9 mm) and the maximum extension of the damaged area, respectively. 
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Figure 9: Qualitative and quantitative comparison of exit side delamination of drilled holes in CFRP T800S/M21 determined in by different 
methods: a,b) Light optical microscopy, c,d) ultrasonic testing (C-Scan) and e,f) computed tomography (overlay image). Holes drilled by a,c,e) 
drill bit with point angle 70° after feed length 0.1 m and b,d,f) point angle 100°, feed length 1.4 m
For the US C-scans, the linear array of the ultrasonic device was manually scanned over the surface of the CFRP samples 
containing the drilled holes in the direction of the fibres in the top layer, which is equivalent to the direction with the largest 
extension of the damaged area (Figure 2). The results of the ultrasonic inspection also show, that the damaged area around the 
drilled holes increase with increasing the wear state of the tool. Figure 9c and d show US C-scans of the same drilled holes 
corresponding to the LM images in Figure 9a and b and the CT overlay images in Figure 9e and f. The non-symmetric and 
irregular shape of the delamination in Figure 9f can easily be recognised in the US C-scan in Figure 9d. The similarity of the LM 
and CT overlay images in the upper and lower part of Figure 9 is also obvious. One can therefore conclude that the three non-
destructive methods are qualitatively in good agreement. 
A quantitative comparison of the three methods was also made for the exit side delamination using the delamination factor 
calculated by equation 2. Computed tomography was set as the reference method in this study, since the CT overlay images 
contain all the information about delamination over depth. Since CFRP has a relatively low density (~ 1.6 g/cm³) X-Ray 
radiation can easily get through, leading to comparatively high resolution and still providing good contrast between delamination 
and CFRP. However, to achieve adequate resolution this method is limited to small parts or mechanically cut-out holes. 
Therefore, this method might not be considered as being completely non-destructive. Low resolution due to geometrical features 
leads to restrictions in the recognisability of delamination extension, when the 3D voxel size is not sufficient to picture the thin 
gaps of the cracks in the outer section of the delaminated area. Furthermore, high cost, long measurement times and limited 
availability make it unattractive for application in quality assurance. However, from the scientific point of view it is still the most 
139 Andreas Haeger et al. /  Procedia Engineering  149 ( 2016 )  130 – 142 
accurate non-destructive method available for delamination analysis. Therefore, the delamination factors determined from the 
LM images and US C-scans are directly compared with the delamination factors based on the CT overlay images. The LM 
delamination factor Fd is plotted versus Fd,CT in Figure 10a, where a perfect concordance is indicated by the 45° dashed line. The
diagram shows, that both methods are quantitatively in good agreement for delamination factors above Fd>1.2, where the 
deviation in general is smaller than 15 % of the absolute Fd value. However, in case of small delaminations, the light optical 
method systematically provides too low values of Fd. The highest discrepancy found was for a hole, where in CT a delamination 
factor of Fd,CT=1.35 but light optically only Fd=1.07 was measured. 
Figure 10: Comparison of exit side delamination factor Fd of drilled holes in CFRP T800S/M21 determined in by different methods: 
a) LM vs. CT and b) US vs. CT
The main problem of the light optical method, especially for weakly damaged holes, is the fact that only damage visible direct 
on the surface but not inside the material can be detected. Sometimes a delamination appears only as a small crack on the surface 
which can hardly be seen. This becomes even more difficult, if the CFRP surface is rough and structured like the one of the 
material used in this study formed by a peel ply. Note, that this is a common surface finish of autoclaved CFRP. The method 
works much better for smooth and glossy surfaces, which can be received from alternative processing routes as illustrated in 
Figure 11. In conclusion, the light optical method is very sensitive on the surface structure, but still provides reasonable results 
for significantly damaged holes.  
Figure 11: Comparison of exit side delamination appearance in dependence of the surface finish of CFRP sheets made of T800S/M21: a) autoclaved, peel ply 
(this study, point angle 70°, feed length 1.4 m, Fd=1.73), b) heat pressed, as pressed, matt (Fd=1.67), c) autoclaved with separating foil (Fd=2.03)
The manual procedure to determine the delamination factor from the US C -scans as described in section 3.4 is quite time 
expensive. For this reason only a limited number of the US C-scans were quantitatively analysed. Figure 10b plots the 
delamination factor based on the US C-scans versus the one determined from the CT overlay images. For delamination factors 
below Fd<1.5 there is a good concordance with a deviation less than 12 % in comparison to the CT determined delamination 
factor. The US method provides lower values for larger delamination with Fd>1.5. In this case a maximum deviation of 18 % was 
found, which means delamination factors of Fd,CT=2.24 and Fd,US=1.84 respectively. These holes show delaminations having a 
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pattern comparable with the one in Figure 9f. The narrow end of the thin delamination causes no measurable changes in the 
ultrasonic back reflection intensity. Thus, a long but thin delamination like in Figure 9f appears smaller in the US C-scans.  
4.3. Effects of delamination on flexural strength 
After delamination inspection, the OHB specimens were tested in a four-point-bending test until failure indicated by a load 
drop-off of at least 30 %. In Figure 12, the residual flexural strength calculated by equation 3 is plotted versus the optically 
determined exit side delamination factor Fd (exit) for specimens drilled with both tool geometries used. We observed an obvious 
decrease of the flexural strength over Fd but huge scatter is present. Over all, strength decreases from a level higher than 
700 MPa to values smaller than 600 MPa. Most of the strength values are within a scatter band of ± 100 MPa around the linear 
least square fit line marked in Figure 12.
Figure 12: Open hole bending strength vs. exit delamination factor of CFRP T800S/M21
Beside the strength decrease we observed, that for both test series (point angle 70° and 100°) the failure mechanism in OHB 
changes with progressive tool wear. Specimens taken from the beginning of the drill series exhibit severe damage on both sides,
the tensile and the compressive one. In contrast, for specimens with higher delamination factor, failure crosses more and more to 
the compressive side where the larger exit delamination was placed in this test. This is exemplary displayed in Figure 13 for two 
specimens generated in the drill series with a point angle of 100°. This obviously indicates an interaction between drill hole 
damage on the exit side and the resulting mechanical behaviour in bending. However, taking into account all results independent 
from the test series in which the OHB specimen was drilled, a direct correlation of Fd and the failure mechanism in test was not 
possible.  
In summary, there is significant strength degradation with increasing machining damage but a 1:1 correlation with 
delamination factor Fd is not possible due to the pronounced scatter. This indicates, that Fd does not sufficiently describe the 
machining caused damages affecting the flexural strength. There are other delamination factors available in literature, such as the 
area based factor DF [9] or the adjusted factor Fda [23] (see [10] for an overview), which describe the delamination more detailed 
than the simplified diameter based factor Fd used in this study. Using them may lead to a better correlation between delamination 
damage and flexural strength. In addition, two-dimensional delamination factors do not take into account the depth of damage 
which is an important factor when the strength under a three dimensional multiaxial stress state is considered. In bending of 
drilled laminated composites there is a complex stress distribution around the hole due to the strain gradient over thickness, ply-
wise fibre orientation and the notch effect of the hole itself. 
However, it seems to be evident that delamination is not the only damage mechanism affecting the flexural strength. 
Considering the fracture behaviour in the OHB experiments it is even implausible, that the maximum extension of the 
delamination in the top layer should be most responsible for the observed strength degradation. As exemplary displayed in Figure 
14, on the exit side the highly loaded longitudinal top layer exhibits delamination and fibre breakage due to buckling only in the 
residual cross section directly next to the hole. But note, that this region is not seriously affected by the machining caused
delamination damage. Thus, other machining caused damages such as subsurface damages within the hole, may affect the OHB 
strength as well. It will be part of future work to gain a better understanding of these dependencies and mechanisms. 
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Nevertheless, Fd can give first information about the hole quality and the expectable strength degradation. Due to the simplicity 
of this factor it can be used for practical reasons in quality control as a quick indicator of integral machining damage. 
It must be mentioned, that geometrical features like width and (ply-)thickness of the drilled structure are meaningful 
parameters for the intensity of strength degradation. Under flexural loading, the outer plies of the laminate carry most of the load. 
Therefore machining damage in the top layers becomes more critical the higher the load fraction in the laminate is. That is why a 
top ply orientation longitudinal to bending load (0°) is more sensitive for strength degradation than a transversal one, which does 
not seriously contribute to the laminate’s strength and stiffness [26]. This indicates that attention should be given to the laminate 
lay-up when drilled CFRP structures are loaded in bending. 
Figure 13: Side view on OHB specimen (point angle 100°) after 
different feed length: change in failure appearance in dependence of 
feed length/machining damage
Figure 14: Drill exit side of OHB specimen (point angle 100°, feed 
length 1.4 m, Fd=2.66) after test: failure in the residual cross section 
due to fibre buckling
5. Summary and Conclusions 
In this study, CFRP laminates based on prepreg T800S/M21 were drilled using step drills with variable point geometry in 
progressive wear condition. The hole quality was characterised using the diameter based delamination factor Fd which was 
determined in three methods of non-destructive testing: Low magnification light optical microscopy (LM), ultrasonic C-scans 
(US) and computed tomography (CT). The results of these methods are qualitatively and quantitatively compared and critically 
discussed. The effect of point angle and tool wear on delamination behaviour is studied. Finally, specimens with a wide range of 
typical delamination damage were mechanically tested in four-point bending tests to investigate the impact of machining on the 
residual flexural strength. The major findings are summarised as follows: 
x The point angle of the drill bit significantly affects the delamination behaviour, since a lower point angle helps to avoid push-
down delamination on the exit side but promotes peel-up delamination on the entry side. These differences become more 
evident with increasing tool wear. 
x Push-down delamination on the drill exit side in CFRP T800S/M21 is typically an intralaminar failure within the top-layer of 
the laminate, but not debonding of the whole ply. 
x The non-destructive testing methods light optical microscopy, ultrasonic testing and computed tomography are qualitatively in 
good accordance on the appearance of push-down delamination in CFRP T800S/M21, since top-layer damage is very 
dominant in this material. 
x The quantitative determination of the diameter based delamination factor Fd by means of light optical microscopy is very 
sensitive on the surface structure, but still provides reasonable results for large delaminations. 
x Delamination factors from US C-scans correspond well with the reference values from CT, but narrow delamination pattern 
are invisible for the US resulting in lower delamination factors for some cases. 
x A significant decrease of the residual flexural strength is present with increasing machining damage, but a 1:1 correlation with 
the delamination factor Fd is not possible due to a broad scatter of the strength values.  
x The delamination factor Fd used in this study does not sufficiently describe the damage state of a drilled hole, but still 
provides important and easy detectable information about the extent of delamination and the expectable strength degradation 
in critical loading situations. 
x Delamination for sure is not the only damage mechanism causing a reduction in flexural strength. 
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